Abstract Correspondence from a long-established sugar mill provided the opportunity to construct the longest flood series for a river in Fiji-the Ba River in northwest Viti Levu-from 1892 to 2002. Flood waters reached the mill floor every four years on average. Contrary to common lore, this study could detect no increase in the frequency of major floods over the course of the 20th century, despite intensification of land use and siltation of the river channel over that time. Large, slow-moving tropical cyclones situated northwest of the valley have generated large floods, but so too have tropical rainstorms. Major floods have occurred in months when the Southern Oscillation Index (SOI) was both negative and positive, suggesting that the SOI is a poor indicator of flood potential for the Ba River.
INTRODUCTION
Flooding poses a serious threat to the Fiji Islands. In recent years, inundation of the towns of Ba and Nadi in western Viti Levu (Fig. 1 ) in January 1999 resulted in an estimated damage bill of F$40 million (~US$20 million) and the loss of six lives . Flooding of mostly rural areas in northern Vanua Levu (Fig. 1) in April 2000 is estimated to have caused financial losses of F$3 million (~US$1.5 million), a figure that obscures substantial losses incurred at the household level (Yeo, 2001) . Severe flooding associated with Tropical Cyclone Ami in January 2003 cost tens of millions of dollars and left 17 people dead near Labasa ( Fig. 1) (NDMO, 2003; Terry et al., 2004) . Another 10 people drowned as a result of flooding in eastern Viti Levu in April 2004 (Fiji Government Online, 2004) .
A popular view is that the frequency of flooding in Fiji has increased over recent decades. Some attribute this increase to the sedimentation of river channels (e.g. Cochrane, 1969; Morrison et al., 1990) . Indeed, to address the issue, the Government of Fiji has adopted a policy of river dredging-a policy which has been widely regarded as the panacea to the flooding problem (Yeo, 1997) .
Accurate assessment of flooding frequency has been inhibited by the short and incomplete nature of Fiji's instrumental hydrological records. This is well demonstrated by flow data for Toge gauge on the Ba River (Fig. 1) . Although Terry et al. (2001) found the data useful for interpreting controls on low river flow, investigations in the course of this study showed that the record has little value for the analysis of floods: of the eight major floods recorded downstream , reliable flood discharges are available at Toge for only two-data gaps were found for four floods and probable data errors for another two. The Toge gauge has been washed away on several occasions and in 1999 the recorder stopped working as flood waters rose. The poor quality of the instrumented flood record necessitates alternative approaches to flood investigations. This paper explains the construction of a historical flood series for Ba Town. The 111-year flood series is used to examine temporal trends and flood frequency. We also briefly examine the influence of tropical cyclones and El Niño-Southern Oscillation (ENSO) on patterns of flooding in Fiji.
CONSTRUCTING A HISTORICAL FLOOD SERIES
Ba Town (population 15 000) is situated 14 km upstream from the mouth of the Ba River, which drains an area of about 930 km 2 on the northwest side of Viti Levu (Fig. 1) . Beginning 83 km from the sea and at an elevation of 1060 m, the Ba River catchment is steep and mostly unforested, features that tend to promote rapid-rising floods during intense rains. Europeans first settled the area in the 1860s and the earliest known flood occurred in March 1871, when several labourers working on a cotton plantation drowned. Many more floods have been experienced since then, most notably in 1931 when there were at least 126 fatalities (Yeo, 1998) .
A previously untapped source of hydrological information was found in the correspondence of the Colonial Sugar Refining Company (CSR) and its subsidiaries, which crushed sugarcane at Rarawai Mill from 1886 to 1973 when the Fiji Sugar Corporation (FSC) took over the factory. The mill at Rarawai-literally "field of water"-is situated on a 600-m wide flood plain, and is about 900 m upstream from Ba Town, where the flood plain is 1200 m wide (Figs 1 and 2) . A 116-year history at Rarawai Mill, coupled with CSR's rigorous archiving culture, allowed construction of a detailed history of flood heights. Correspondence between CSR's Head Office in Sydney and Rarawai Mill provided an unbroken record of events from August 1891 to September 1972, though only from December 1903 was higher-quality correspondence between Rarawai and Sydney available.
The FSC does not have an archival system, retaining documents for only seven years. This gives rise to the unusual situation whereby the flood record at Rarawai Mill is better before 1973 than after. Some flood heights for the latter period have been determined from interviews. These were supplemented by transferring levels recorded at Ba Town to Rarawai Mill, using the average height difference (0.56 m) for three recent events that were measured precisely (1993, 1997, 1999) . This extrapolation may introduce some error, since flood slopes between the mill and town depend upon three variables: level of the tide (a tidal range of 1.7 m was measured at Ba bridge during a spring tide), direction and strength of the wind which can back up the flow, and tributary inflows such as Elevuka Creek and Namosau Creek (Fig. 1) .
Descriptions of flood heights are summarized (in original units) in Table 1 . Ground levels of prominent landmarks at Ba, including the mill floor, were surveyed by the Drainage and Irrigation Division in 1995. In this way, the flood heights were converted to levels above mean sea level (a.m.s.l.) ( Table 1 ). The process was relatively simple for some events (e.g. January 1956) where the height relative to a known flood level was described explicitly. For other events, the process was more complicated. In 1918, both the laboratory and sugar floor were reported to have flooded to depths of 1 ft (30 cm), whereas in 1931 these areas were reported to have flooded to depths of 3 ft 11.25 inches and 4 ft 7.75 inches, respectively. Consequently, the level recorded for the 1918 flood is based on the average difference in flood levels below the 1931 flood from the two sites, of 3 ft 3.5 inches, or 1.00 m ± 0.11 m. Given a level of 8.37 m a.m.s.l. for the 1931 flood, the estimated level of the 1918 flood is 7.37 m a.m.s.l. Events for which the flood level is poorly constrained are indicated by question marks.
Only the 28 floods known to have reached or surpassed the mill floor level are included in Table 1 ; these are defined here as major floods. This threshold is selected because it represents a disjunction between a complete flood record (flooding above the mill floor) and an incomplete flood record (flooding below the mill floor, especially since 1973). Because the mill is located on a natural levee, most of the flood plain would be inundated by floods exceeding this threshold.
An examination of the flood record shows that the minimum interval between floods is 30 days. This meets the tests for hydrological independence listed in Pilgrim & Doran (1987) .
A number of flood levels in Table 1 , particularly the highest, differ noticeably from levels calculated previously (Yeo, 1998) and now incorporated into the Fiji Meteorological Service's list of floods (FMS, 2001; also McKenzie et al., 2005) . The disastrous 1931 flood is now recognized to have been 0.7 m above the next highest flood in January 1956. The January 1993 flood has been relegated to the fifth highest flood on record. These changes reflect an attempt to measure flood heights at sites as close as possible to the mill floor datum (for the Rarawai Mill series) and to the courthouse/Morris Hedstrom's shop precinct (for the Ba Town series). Previously, too much weight was given to the level of the 1931 flood obelisk (7.33 m a.m.s.l.), which is now regarded as anomalously low given the levels calculated from heights above the mill floor (8.37 m a.m.s.l.) and rail bridge (8.49 m a.m.s.l.). The January 1993 flood was believed to be only 0.2 m below the 1931 peak (a figure adopted by Yeo, 1996) ; levels recorded near the riverbank (Table 1) suggest that the actual difference was 1.3 m. Independently measured levels at Ba Town lend support to the new Rarawai Mill flood series, preserving the difference between the 1931 and January 1993 levels (Table 1) . (a) 3′ 11.25″ over lab floor; 4′ 7.75″ over sugar floor (CSR).
INTERPRETING A HISTORICAL FLOOD SERIES

Temporal trends
Flood levels for the Rarawai Mill series are plotted against time in Fig. 3 . The mill was flooded on 28 occasions during the 111-year period from 1892 to 2002, an average of one major flood every four years. The distribution of events is not even-no major floods were experienced in the 13-year period between 1918 and 1931, yet three major floods (and two lesser floods not shown in Fig. 3 ) occurred in a single cyclone season (1938/39). The frequency of these major floods appears to have changed around 1931 (Fig. 3) . Before that time (1892-1931), a major flood occurred with an average frequency of 6.7 years, whereas after that time (1932-2002) a major flood occurred with an average frequency of 3.2 years. However, a chi-squared test failed to detect a significant difference in flood frequency between these periods at the 5% level, although the difference was significant at the 10% level.
This result-no change in flood frequency between pre-and post-1931-runs contrary to popular opinion. One reason often advocated for an alleged increase in flood frequency is channel sedimentation, which after the 1931 flood was sufficient to prevent navigation of the lower Ba River by 100-ft vessels. However, an investigation of historical channel changes suggests that siltation was incremental with infilling of deep pools observed in the 1970s (Yeo, 1998) . Land-use changes have also been suggested; however, the main period of land-use intensification began in the 1950s and involved an expansion of sugarcane farming onto steep slopes as well as over-grazing and recurrent burning of grasses leading to severe land degradation (Yeo, 1998) . Thus neither change of channel morphology nor of land use provide convincing explanations for challenging the lack of any statistically significant differences in flood frequency.
The data also do not support any progressive increase in the frequency of these major floods over the past 70 years, corresponding to observed changes in channel form and land use. While it is true that the 1990s witnessed several high-magnitude floods at Ba-the fourth, fifth and ninth highest floods on record-the historical series 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 Year Flood level (m amsl)
Mill floor level shows that major floods were more prevalent in the 1930s (six) than in the 1990s (five). We shall return to the implications of this analysis in later discussion.
Flood frequency
Conventional flood frequency analysis uses discharge rates, not peak stages, since the latter may include discontinuities due to large increases in cross-section as discharge increases (Pilgrim & Doran, 1987) . However, the threshold used for the floods in Table 1 is sufficiently high to avoid such discontinuities and, in any case, long-term rating (discharge-stage) curves are simply unavailable for the Ba River. Another concern is the intensification of land use throughout the period of record. Recent flood heights at Ba Town may also have been influenced by the raised approaches to the new Ba road bridge (completed 1996) situated about 500 m downstream of the town. However, Pilgrim & Doran (1987) suggest that the hydrological influence of such changes is likely to be modest for the larger floods of primary interest in this study.
We now calculate average recurrence intervals (ARIs) for the water level (WL) exceeding a specific value (wl):
ARI ( (Table 1) . This is the standard partial duration formula derived from Poisson arrivals of flood events above a threshold (Stedinger et al., 1993) . These data are shown in Fig. 4 together with the line of best fit-a Gumbel distribution (Vose, 1996) . According to the above analysis, the 1931 flood has an ARI of about 250 years, and the January 1993 flood an ARI of about 25 years. The latter is in good accord with a 20-year ARI calculated for an averaged Ba basin daily rainfall of 321 mm in January 1993 using the Gumbel distribution (JICA, 1997). The 100-year flood level is about 7.85 m a.m.s.l. We examine the implications of this analysis in later discussion.
Tropical cyclones
Determining the meteorological causes of floods is not always straightforward, even for recent, well-documented events. However, a majority of the major floods (16 out of 28 listed in Table 1 ) were associated with tropical cyclones (TCs). In this study, floods attributed to tropical cyclones are those for which a cyclone is listed in the database of the Fiji Meteorological Service (FMS), or recorded in Visher (1925) . Investigations show that the floods of April 1986 and February 1993 are not attributable to TCs Martin and Polly, as sometimes supposed (Prasad, 1986 (Prasad, , 1995 Alipate Waqaicelua, FMS, personal communication) .
Influences on the amount of rainfall deposited by a tropical cyclone include attributes such as central pressure, size, speed and track. Intense cyclones, such as TC Bebe (1972) and TC Gavin (1997) (with central pressures of 945 hPa and 937 hPa, respectively), have caused severe flooding of the Ba River. Nonetheless, the relationship between cyclone intensity and flood magnitude is not strong-the central pressure of the cyclone that generated the record 1931 flood was 958 hPa at Naviti (Twentyman, 1931) , and the second-highest January 1956 flood was associated with only gale force winds in northwest Viti Levu (Kerr, 1976) . The severe flooding of the Navua and Rewa river systems in April 1980 was generated by a tropical depression that only later acquired the character of a tropical cyclone (Krishna, 1980) . Intense rain is often generated by incipient, decaying or weak tropical cyclones. Thus, a postulated increase of cyclone intensities under a warmer climate will not necessarily cause more severe flooding, although more intense cyclones may cause more severe storm surge and in turn influence flood levels in the lower reaches of Fiji's rivers.
Cyclones possessing a large circulation have the potential to affect an area for several days, saturating the land surface before the onset of even heavier rains as the eye of the cyclone approaches. Rain bands from the 1931 cyclone began to affect Viti Levu four days before the flood, while the centre of the storm was still distant (Yeo, 1998) . Although TC Gavin (1985) remained well to the west of Viti Levu, its very large circulation led to torrential rain over three days (Prasad, 1985) .
Slow-moving tropical cyclones have been implicated in several of the events listed in Table 1 (e.g. 1950 and 1965; Kerr, 1976) . The severity of the 1931 flood was attributed to "the fact that the storm centre hovered so close to the north of the Group for such a long time thereby causing continuous heavy rain" (Twentyman, 1931) . In contrast, TC Nigel (January 1985) moved very rapidly, so that heavy rain was not sustained (Krishna, 1985) , and flooding at Ba Town was not severe (~4.3 m a.m.s.l.).
Analysis of cyclone tracks for flood-generating events in the Ba River shows that the centres of virtually all the cyclones were situated for a time over the sea to the northwest of Ba, enabling them to direct moist northeast to northwest winds onto the drainage basin (Yeo, 1998) . Such a position may also expose the Ba estuary to the strong onshore winds that retard the downstream flow of flood waters. Cyclones with centres situated to the east of the Ba basin are unlikely to produce major floods in the Ba valley due to a rainshadow effect, but may cause severe flooding of the Rewa River (Krishna, 1976) .
While the above observations offer some potential for preliminary forecasts of flood likelihood , not all cyclones situated northwest of Ba have produced major floods (Terry & Raj, 1999) . Moreover, almost half of Ba's major floods (12 out of 28), including the third and fourth highest events (1918 and 1999) , were not associated with tropical cyclones (Table 1) . And, if TC-induced floods are poorly understood , then even less is known about floods induced by other weather phenomena. These present special challenges for flood forecasting, because models may not detect fast-forming storm systems at the subgrid scales and because people are not as alert to the threat as they are for TC-induced floods .
El Niño-Southern Oscillation
Fiji tends to experience dry weather during El Niño (warm) events, and moist weather during La Niña (cold) events (Ropelewski & Halpert, 1987; He et al., 1997) . Thus, when seasonality influences are taken out, low-flow trends in the Ba River show good correspondence with El Niño events with a time lag of two months . The frequency of (potentially flood-generating) tropical cyclones in the southwest Pacific was found to increase for both strong El Niño and La Niña seasons (Radford et al., 1996) . Fiji's "central" location is such that it is subject to tropical cyclones during both El Niño and La Niña conditions. Thus, Ba River floods have been generated by tropical cyclones associated with both negative and positive SOI values (Fig. 5) . Contrary to Kostaschuk et al. (2001) and Terry et al. (2001) , who determined from a 30-year flow record that the peak discharge of TC-induced Rewa River floods was inversely related to the SOI, this study, using a much longer time series, could find no significant relationship between the peak heights of TC-induced Ba River floods and SOI (Fig. 5) . Probably the key reason for this difference is that the longer time series (1892-2002) includes several TC-floods with strongly positive SOI.
Floods that were not associated with tropical cyclones also occurred during months of both negative and positive SOI values (Fig. 5) . The high-magnitude February 1918 and January 1999 floods occurred during periods of strongly positive SOI. Figure 5 demonstrates that major flooding of the Ba River can occur at any value of the SOI and it is difficult to see the SOI being of significant value for flood forecasting at Ba (cf. Terry et al., 2001) .
POLICY IMPLICATIONS
A 111-year flood record provides a valuable historical perspective. It shows that flooding is not a recent phenomenon, as is sometimes supposed. Flooding preceded the environmental change wrought by European farming, and this study could detect no significant difference in severe flood frequency over the course of the 20th century, corresponding to the observed environmental change. For these reasons, while river dredging may be of some importance, it will have little impact on severe floods similar to those considered in this study.
Flood frequencies can be used to evaluate planning policies. In Fiji, the Town Planning Act requires that no buildings constructed at Ba after 1984 shall have the floor level of any habitable room lower than 5.0 m a.m.s.l. At Rarawai Mill (situated within the town boundary and thus subject to this requirement), this flood planning level (FPL) would correspond to a 1 in 3-4 year flood (assessed by downwards extrapolation of Fig. 4 ). Even allowing for the typical fall in flood levels between Rarawai Mill and Ba Town, the FPL remains inadequate-at Ba Town the 5.0 m level corresponds to a 1 in 4-5 year flood.
A further measure of the inadequacy of a 5.0 m FPL is attained by considering the threat to people's safety in a 1931-like flood scenario; as well as hurricane-force winds, houses compliant with regulations would have to withstand fast-flowing flood waters with over-floor depths of 3.4 m at Rarawai Mill and 2.9 m at Ba Town. The potential for loss of life would be high. Clearly, Ba's flood history suggests that the FPL needs to be revised upwards.
CONCLUSIONS
Long-term hydrological information is an essential input for the development of strategies to address flooding problems. The CSR archives have provided the opportunity for the construction of a 111-year flood record on the Ba River, the most comprehensive series yet for a river in Fiji. Correspondence from CSR's other mills in Fiji, at Labasa (Yeo, 2001) , Nausori, Lautoka and Penang (Fig. 1) could also be examined to better understand temporal trends over the 20th century.
Four applications demonstrate the utility of the Ba flood series: 1. An assessment of temporal trends throws doubt on the widely held notion that floods have increased in frequency. 2. An analysis of flood frequency points to the inadequacy of Ba Town's current flood planning level. Estimated frequencies should be used in concert with sorely needed flood plain maps to determine the probability of floods of various depth and lateral extent, and to plan urban land use accordingly. 3. A survey of the meteorological causes of flooding confirms the importance of large, slow-moving tropical cyclones, situated so as to direct moist winds onto the river basin. However, floods not associated with tropical cyclones have also occurred with sufficient frequency and severity to warrant greater attention from forecasters and emergency managers. 4. Severe floods have been experienced during months of both negative and positive SOI, suggesting that this is a poor predictor of flooding potential for the Ba River.
